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REPORT No. 803

WIND-TUNNEL INVESTIGATION OF THE EFFECTS OF PROFILE
MODIFICATION AND TABS ON THE CHARACTERISTICS

OF AILERONS ON A LOW-DRAG AIRFOIL

By ROBERT M. CEANE and RALPH W. HOLTZCLAIV

SUMMARY

An invtxtigaiion has been made to dd.ermine the eJect of
control-swface projile modwio-na on the aerodynamic char-
actai.stia of an iVACA low-drag airfoil equipped with a
O,l?O-chordand a O.lb-chd aileron. Tab characterietimhave
been obtined for 0.$’041eron chord tubs on two of the 0.2?O-
chord &ma.

Thickening the ai?eron prom, or thickening and bevelingthe
trailing edge of the aileron ww .fmmo?to redw-c.ethe aileron
.@ctivtmess, reduce the s.bpe of the wing-seetiim lifi curve,
and reduce the hinge-momentcoej%ien& l%inni~ the prg$le
km? the oppos~e e~eet. The e~ea% of Profi i!hi&n.e48on the
aileron chwact.widti decreaaedwifh incrawing angle of atta.ek,
there being pra&u.Uy no eject at an angle of &k of 19°.
For the thizkend and beveled trailing edges the efects were
maximumfor the bevel,% length of which was 20 percm.t oj the
aileron chord, and decreamdfor bothinmcwing and deereming
bevellengt?w. Thickening the projile or thickening and beveli~
the trailing edge caused a slight increase in minimum pro~-
drag coefkient, but thinning h profile had no efeet.

It is demon.stratd that deviatiom oj the orckr of +0.006-
utieron chord jrom the speci>d projile on the ailerorw qf a
typid pursuit airp?.mwcan cume 8&k-force variutionxof &20
pounds jor a large rate of roll & an indicated airspeed of 300
miles per hour. It is &o shown thu$% danger of overbaiknce
at mnul.1dej?eetiorMof clos81ybalad ailemwwcan bediminislwd
b~ thickening of th aileron profi @ the intmzal-bah.ee chord
iEsimuilaneoudy reducedto maimtainthe same stickform for a
large rate of roU.

Thickening and bevelingthe trailing edge on a typim? aileron
im?ulldion eauwd a reduc$ion of 60 perc& in the cordrol
force jor a large rale of roll al high speed. W&m used in con-
junetwn wiih internal ba.iiuaee,the thickened and beveledprofi
resulied in a 90-pemmt reductim in the nose ba.?uneeregywed
for a given conirolforce at h~h speed. Vd.er these conditti,
the wiaiion of controlforce w“th rate of roU w mwe nearly
linear for tlu ‘aibmn ;f normal prom- than for the ailerom
with thickend and beveledtraili~ edges.

Bawk W are prextmtedfrom which the qfect of tubs can be
caJeuMedjor speeijic awes. Thetiare st@imiforth4

~ 8olutwn of problerm of jixed tabs with a di$eren$iullinkage, a
well m simple and spring-linked ba-?mwingtubs.

843110-6~3

INTRODUCTION

With every increase in size and speed of modern high-
performams airplanes, the problem of attaining adequate
lateral control without excessive control forces becomes less
amenable to solution by tiple aerodynamic balancing
methods. Of the various methods of aerodynamic balance
available, one of the most eilicient is the sealed internal nose
balance. However, miiicient control lightness frequently
cannot be satisfactorily attained by the use of an internal
nose balance alone. The neceasuy balance maybe sc large
that the required control-surface deflection cannot be
obtained, or structural necessities of the main surfaces may
be such that adequate balance cannot be hicorporated in the
design. Aileron profile offers a convenient mwns of adjust-
ing the aileron control characteristics. The eflicacy of profile
variations in modifying aerodynamic characteristics, and the
consequent necessity of fabricating to close tolerances, must
be appreciated when it is desired to obtain specified aileron
characteristics on any one airplane or to maintain a reason-
able constancy of characteristics in a number of airplanes of
the same design. Previous experiments have indicated that
thickening and beveling the control-surface trailing edge is a
powerful means of adjusting hinge-moment characteristics
ResuIts of tests reported in references 1, 2, and 3 have shown
tabs to be an effective means of adjusting hinge-moment
characteristics when used as tied tabs in conjunction tvith
a d.iilerentia!l linkage, or as simple or spring-linked balancing
tabs.

The purpose of the tests reported herein was to obtain
qumtitative data on the deck of aileron proiNe and trailing-
edge modifications and the effects of tabs on the character-
istics of ailerons on a low--drag airfoil, and to form a logicxd
basis for the speciikdion of aileron tolerances.

COEFFICIENTS AND CORRi3C~ONS

The coefficients used in the presentation of rwdts follow:
Cd. airfoil section profile-drag ooeilicient (dJgc)

ch aileron section hinge-moment coefficient (h/qca2)
Cht tab section hinge-moment coticient (h&c,9
c1 airfoil section lift coefficient (Z/qc)

cm airfoil section pitching-moment coefficitit (m/q&)
509
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Aqo

Ac{

Ap/q

airfoil section normal-force coefficient (n/qc)
internal static pressure at aileron nose divided by

dynamic pressure
increment of cdOdue to deflecting the aikron h’om

neutral
increment of ch due to deflecting the aikon from

neutral
ch of up-aileron minus Gjyof down-aileron
increment of cl due to deflecting the aileron from

neutral
c1 of down-aileron minus c1 of up-ailaron
increment of pre5sure coeilicient across aileron nose

seal (prasure below seal minus pressure above seal
divided by dynamic pressure)

(- chord of airioil W-MIsurfaces neutral, feet
c= chord of aileron aft of aileron hinge line, feet
c, chord of tab aft of tab hinge line, feet
do airfoil section prdle drag, poumk
h aileron section hinge moment, foo&pounds
h, tab section hinge moment, foo&pounds
1 airfoil section lift, pounds
m airfoil section pitching moment about quarter chord

of SiIfOfi, foot-pounds
n airfoil section normal force, pounds

!l dynamic prwmre of air stream (lpm, pounds per
square foot

v free-stmwn veJocity, feet per second
In nddition to the preceding, the following symbols me

employed:

angle of attack for airfoiJ of infhite aspect ratio,
degrem

aileron deflection with respect to the airfoil, degrees
tab deflection with respect to the aileron, degrees
wing span of assumed airplane, feet
rate of roll, mdians per second
increment nbove the normal proile of the upper and

lower surface ordinates of the modified aileron
proiiles at 0.5c=

indicated airspeed, miIes per hour
= (bc@@)@J,.11 (measured through a=OO)
= (~hpta).dz.o (measured through &=OO)

= (bc@t)a+O (measured through ~,=0°)

= (bc%&)~.~,.~ (measured through ct=OO)

= @c@L)..a,.o (measured through &=OO)

= (bch@f&&~ (measured through 6,=0°)

= @c@d~.aP~ (measured through CY=OO)

= @@~a)a.~po (measured through 15a=0°)

= (bcipat).+.~ (measured through ~,=0°)

The subscripts outside the parentheses represent the
factors held ecmstant during the measurement of the param-
eters.

The lift coefficient, proflkdrag coeilicient, and pit&ing-
moment coefficient have been corrected for tunnel-wall

effects. Section profile drag was determined by moasur~
ment of low of momentum in the wing wake. A com-
parison of force-test and pressure-distribution measurermmts
of section lift coefficient and section pitching-moment
coefficient indicated that the end plates hrtd no effect on
these coefficients with the control surfaces neutral. No cor-
rections have been applied to. section hinge-moment coo fH-
cients and no end-plate correction has been applied to Ac f.

Because of possible tip losses, it is believed that tho measured
aileron effectiveness is slightly low and ratea of roll cornputod
from these data will be conservative. By comparison of
these data with section data on a similar airfoil, it is es-
timated that the decrease in the value of Acl duo to this cdfect
is not mom than 12 percent.

TABLE I.—NACA 66, 2-216 (u=O.6) AIRFOIL

[fhtioru andordhmtesare ~Vc311in ~t of the ahfoll ohord]

0
0.271
0.007
1.091
2317
Llw
7.’234
9.7al

14.m
19.Ea3
!24s32
20.882

Hul
44.878
mu
5s.073
~ ;:;

70.lW
75.181
5).148
& 103
m.m
95.au

m o

L&I
it%
b.’203
7.716

10.219
15.212
2a194
25.168
30.138
35.103
40.w
4&cm
49.077
54.927
59.w
04.s09

%8%
79.&52

:~

lW o

Lmdlm%lge radhs-1.576 1~-Tmdling4ge radlus=O.0825

MODEL AND APPARATUS

The airfoil used in these tests was constructed of laminated
mahogany to the NACA 66,2–216 (a= 0.6) profile of 4-foot
chord and 5-foot span. The airfoil ordinatea are given in
table I. The aft 0.35 chord of the airfoil ma made remov-
able to allow the testing of ailerons of various chords. A
solid trailing-edge section was constructed and this section
and the main airfoil were equipped with a single row of
pressure oriiices built into the upper and lower surfaces of
the airfoil at the midspan section.

The ailerons were constructed of laminated mahogany find
had a radius nose with a nose-gap seal of dental rubber dam.
The aileron ordinates for the thickened and thinned profiles
are given in table II and ordinates for the thickened and
beveled trailing-edge profiles are given in tablo III. The
ordinates of the normal-profile aileron are the same as tho
corresponding ordinatm of the NACA 66,2–216 (a= 0.f3)
airfoil. The details of the ailerons and the modifkmtions
tested are shown in figures 1, 2, and 3. The method of
determining the profile of thickened and beveled trailing
edges is described in the appendix. Since, as shown in
figure 3, beveling the trailing edge was neeesmrily weom-
panied by a deiinite amount of thickening, the profiles so
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modified me for simplicity hereafter referred to as beveled
trailing-edge ailerons and beveling the trailing edge is under-
stciod to mean thickening ttnd beveling & shown by the
&ure.

TABLE 11.-ORDINATES OF THE NORMAL PROFILE
AILERONS AND THE AILERONS OF THICKENED AND
THINNED PROFILES

[Stntkm gkenam fi$ dntbm and mdfnatesare in ~t of the airfoil chard]
I

oak Memns (T. E. mdius4.@32Q

t

Nonnd prome
Statbn

Upp?r Lam

81.24 –!28s
&3.33 2% –246
S542 %21 –207
&7.’W 266 –1. 07
#.m !La3 –L 23
91.07 L54 -0.91
m. 76 -am
9ss3 k% -a33
97.92 a 81 -; 17

lCO o

Stl-akhtwded

Iawa

–2 as
–255
–221
–L ‘X3
–L 61
–1.311
-&W
-am
–cl30
0

——

Intenmdfata
thickened prom

T
Upw IAwer

–28s
2% –2 M
3.27 –216
270 –L M
224 –1. 4s
L73 –1. 11
1.25 -0.79
am -o. Jm
a41 VM
o

Thinned pmdb

JPP’=

4.27
%73
3.15
2E3
1.m

W
am
a24
o

o.lm -Muons (T. E. radhs-O-@Q5) 1
Lam-a

–285
–240
–L W
–1. 54
–1. 11
-0.72
-o. s
-0.16
–o. 07
0

Tabs of 0.20-aileron chord were tested on 0.20-chord nor-
mal profile and stmight-sided profile ailerons. The tabs
were full span constructed of steel in four sections to mini-
mize the spamvim bending. The tabs had a radius nose and
an unsealed nose gap of 0.0008 c. The ordinates of

the tabs were the same M the corresponding
the ailerons. Details of the tabs are shown
and 5.

@ ~e fUk-s

ordinates of
in figures 4

:~

><

> erad=.0046c :<

I’murm 4.—The OB aileron chord tab on tho normal-prollloallcron.

l-%zsswe id.ss
i
~:
::

~“~.,

1.

< ‘

Ci’m@’l@-... .Oo@

<‘
ZE.rai = .(W06k

.003c

FmtmE 6.-Tho o~ cdkon chord tabm thoatmightuIdM pmfllo alloron.
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TABLE 111.-ORDINATES OF BEVELED PROFILE
AILERONS

[StaUonaglvcnarewingstatlonsandordlnakaroinporcent of theahfotlchord]

o.4&. bovol

Srn- Iup- IAlw-

1
tlon Mr

—.
81.25 4.27
J?3.m an
85.42 3.21
87.50 2.71
;J, SJ ;2J

tilm 2.W

O.W& kwvel O.W. kvel o.10C. boval

sta- u& lkw- sta- up- I.43w-st.9-Up Low-
tion pu lx tion pm w tlon N er

–2 a
-Z 46
–267
–1. 76
–1. 48
–1.41
-1.40

Straightho from
thla .rtatlon b3n-

%% i?cME” “-

i 8L!M 4.27
j S&g j.TJ

i 87:M iea
i 89.bs Z23

9L 67 L88
I W. 76 L 65

94.ml L64m–Z85 81.25 4.27
–245 Ea.3s Kn
–Z07 85.42 321
–L72 S7.54 2.65
–L44 89.b9 210
–L25 91.67 1.67
–1.24 %3,75 1.S4
–1.23 96.CO L27

–285 81.25
–z 45 83.38
-207 8E.42
–1. 67 67..51
–L 33 89.58
–L 15 91..97
–L05 03.76
-0. s’3 95.E3

W.al
- + II

4.27
Z77
3.21
Z6S
Z08
L.M
1.18
as3
0.78

–286
–245
–2. 07
—1.67
-1.!23
–o. %9
–o. 79
-yJ

StraightIlnc fmm Stmight line from StmIght llne fmm
this station tan- thh *tIon tan. tbk station tan-
ge& ~ oT&E. ra- g$~ tj oT&E. ra- %n; ~yoTtiE. ra-

TEST iNSTALLATION

Tlm airfoil was mounted vertically in the test section of
the Ames 7- by 10-foot wind tunnel ATO.1 M shown in the
photograph of figure 6. End plates were attached to the
5-foot-sprm section. I%irings of the same airfoil section as
the wing were fastened to the tunnel floor and ceiling turn-
tables and were used to shield the connections between the

1-

[

FImJEB!3.-Tho NAOA 66,>216 (a=O.6) Won 13@pp.d with the OLUchordpklbl aIlemm
of normal pmfik.

model and balance frame. These fairinga were not equipped
with ailerons. Provisions were made for changing the angle
of attack and the aileron angle while the tunnel was in opera-
tion. Aileron and tab hinge momenta were measured by
mwns of elect&al resistance-type strain gages which were
mounted on membem restraining the torque tubes of the
surfaces from rotation.

TESTS

For each of the aileron-profile and trailing-edge modMca-
tions, two series of tests were made. The first series obtained
aileron charactaistica at the highest Reynolds number
obtainable (9,000,000) at five angles of attack (—4°, —2°,
0°, 2°, and 40). A second series at angles of rtttack of 0°,
4°, 8°, and 12° was made at a reduced Reynolds number
(3,800,000). With the aileron neutral, section charactw-

I istiea were obtained at a Reynolds number of 8,200,000.
Section prcdiledrag coe.flicients- were obtained with the ail-
eron neutral, at the ideal lift coefficient (cl= 0.21) over a
Reynolds number range of 3,000,000 to 10,000,000.

For the tab investigatio~ the charachristies vwre obtained
for each of the two aileron proiiles at a Reynolds number of
9,000,000 for angles of attack of —4°, —2°, 0°, 2°, and 4°.—.

I ‘1’hese data wm.red a range of aileron deflections of +20°
and a range of tab deflections of + 25°. Similar data were
obtained at angks of attack of 8° and 12° at test Reynolds
numbers of 6,700,000 and 5,500,000, respectively. With
the aileron neutral, section characteristics were obtained for
tab deflections from —25° to 25° at a Reynolds number of
8,200,000.

RESULTS AND DISCUSSION

BASIC SECTION DATA

The basic section data may be utilized to predict the
section characteristics of ailerons with any amount of
internal nose balance by means of the ec]uation

where

(c,). deron section tige-~oment cotitient of timon
with sealed internal nose balance

ch aileron section hinge-moment coeiikient of plain
aileron

B nose balance (expressed as fraction of c=)
R nose radius of plain aileron (expressed as fraction of

c=)

While the basic data are useful for purposes of aileron
design the prediction and comparison of the effects of aileron
profile modification may be more conveniently demonstrated
by means of section parameters. For this purpose plots
showing the relation of various coeillcients and parametem to
other independent variables have been prepmed. These
plots together with the other summary figures prepared for
the purposes of discussion are presented in fig-urea 7 to 29.
The basic section data are included in figures 30 to 64. For
ease of discussion the effects of aileron prolile modification,
thickened and beveIed trailing edges, and tabs will be
discussed se~arately.
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AILERON PROFILE MODfFICATIONS

Aileron effectiveness.-The effect of the profue variations
on the aileron-effectivenem parameter cla~ is shown in
figures 7 and 8. Thickening the aileron profile reduced tho
effectiveness, and thinning the proiile increased it, tho
change being very nearly a linepr function of d.

Aileron profile had a similax influence on effectivoneas nt
the higher aileron deflections where the flow over the aileron
had separated. Examination of the basic data of figures 31
to 38 indicates that tho diilerences due to profile modification
decreased at the higher angles of attack, there being only o
minor variation in effectiveness at an angle of attnck of 12°
for the various aileron profiles.

To determine the effect of control-surface profilo on the
aileron effectiven- of a typical instdlntion, these dnta haw
been applied to the prediction of the aileron control chnrnc-
teristics of a typical pursuit airplane. The airplano dnti
necessary for the calculations are presented in tablo IV.
The calculations have been made assuming zero sideslip of
the airplane and no torsional deflection of the wing. Tho
effect of aileron profile on the wing lift-eurvo slope haa been
included in determination of C$ the d~p~g-moment

coefficient due to rolli~~. The cdculnted variation of
pb/2V with totalaileron deflection for tho various aileron
profiles is presented in figures 9 and 10 for indicnted nir-
speeds of 300 and 120 miles per hour. Examination of thcso
figures reveals that the total aileron deflection noceesary to
produce a given pb/2V at low speeds is little influenced by
aileron profile. Thus, the size and the total deflection for
an installation of given effectiveness will be unchanged by
control-surface profile modifhtions.

TABLE IV—CHARACTERISTICS OF ASSUMED AIRI?LANIXJ

I Pm’mlt

‘%wwfwt.- . . . --------------------
8fMq fret -------------------------------------- 4?:
@@m~------------------------------------
~Wmti -----------------------------------

—----- -------- ------- . . . . . . -.....-. { ~~~~

AnemIM
Sin---— ------------------------------------- From O.6CJJ

ftOt D
ohfi_––— --------------------------------- an%
D-bu ------------------------------------ *18”

AI@aIW
TWnglmdhg,pxmdswrs4uarefd----------- m. 7
Affemm Maim ------------------------------ 1:1
sti&@ml, b&@------------------------------ &8
titilwh~titi ---------------------------- . . . . . . . . . ---
Control wheel diameter, Inchm --------------- . . . . . . . . . . . .

yogihur

.9x
al

z:::
69,2-210
(4=0. O)

From U
Ttotp

&

13
. . . . . . . . . . . .

*1W
lb

Aileron hinge moments.—llhe aileron hinge-mor.ont
pfllWllet8~ Ch= and Chsflare plotted in figures 7 rmcl 8 as

functions of d. These “fiages indicate thnt both of thcso
parameters are inversely proportional to d. Tho vnluo of
(bch@a)d= varied with angle of nttack and nileron deflection.
At d angles of attack and zero aileron doflcction, thero
was an approximate linear variation of (~cfi~a)~=.o with
d. At angles of attack greater than 6“, (~ch/ba)8a k an
approximately constant value of — 0.010 irreepectivo of
aileron profile.

The data of figures 7 rmd 8 have been plotted ,in figures
11 and 12 as hinge-moment parameters against lift pnram-
eta-s. These curves show the relative depmdmco of tho
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aileron hinge moments on the aileron effectiveness and on
the slope of the wing-section lift curve, and indicate that
rmy reduction in hinge moments by profde alteration is
mxomprmied by a corresponding decrease in effectiveness.

Sirme the effect of aileron proille on AP/q was and, the
hinge-moment coefficients of ailerons with internal nose
balance will exhibit aileron prcdile effects similar to thos’e
observed on the plain ailerons. As separation occurs over
the rderon at large deflections, there is an abrupt loss in P/q
over the suction side of the conhwl (side opposita the de-
flection). This loss accounts for the nonlinearity of the
curves of AP/g against & (@s. 31 to 38). It is this reduc-
tion in AP/q which causes the nonlinearity of hinge-moment
curves of ailerons with large amounta of internal nose
balance.

Aileron oontrol forces,—The effect of modification of the
aileron prolile on aileron control characteristics may be
evaluated from two considerations: the reduction in con-
trol force due to the profile modification when the aileron is
designed with a given aerodynamic nose balance, and the
reduction in nose balance due tc the profile modification
when the aileron is designed for a given control force.

Figures 13 and 14 illustrate the changes in control-force
characteristics which result from small changes in aileron
proiile. The variation of stick force with pb/2V for a typical
pursuit airplane equipped with 0.20-chord ailerons with
0.534ca internaknos~ .balande is presehted in these figures for
indicated airspeeds of 300 and 120 miles per hour. At the
higher speed, a decrease of 0.009c= in the aileron ordinates at
0.5c= reduces the pb/2V obtainable with a 30-pound stick
force from 0.08 to 0.056 and more than doubles the stick force
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for a pb/2V of 0.08. Increasing the mid-chord ordinates of
the aileron 0.009ca changes the stick force from 8 pounds to
an overbskmce of 7 pounds at a pb/2V of 0.05. Since results
of overbtdance are likely to prove catastrophic in a high-speed
dive, due to the ailerons tdcing control, every effort should
be made to maintain manufacturing tolerances and allowable
surface deformations at a value which would preclude tho
occurrence of this condition.

The possible use of aileron profile changes to obtain desired
stick-force characteristics is illustrated by figures 16 and 16.
Control-force characteristics are shown for a typical pursuit
airplane equipped with 0.20-chord ailerons. The airplane
data necww-y for the calculations are presented in table IV.
Each aileron was assumed to have an internal nose balance
such that a pb/2V of 0.08 could be obtained with a 30-
pound stick force at an indicated aimpeed of 300 miles per
hour. It will be observed that the thin-profile aileron which
is closely enough balanced to satisfy the 30-pound stick-
force limitation at high speed is overb&mced 4 pounds at a
pb/2V of 0.035. As the aileron profile is thickened, the
control-force gradient becomes more positive, and the be~
range of the gradient is extended tc lcxger values of pb/2V.
The primary problem of aileron-balance design is to make
the control light enough at very high speed, while avoiding
overbalance in any part of the deflection rmge, rmd retD~-
ing sufficient ‘(feel” at low speeds. The danger of over-
balance can be minimized by the mMinment of a linear vrLrirL-
tion of control force with pb/2V at high speeds. The non-
lineari~ of the hinge-moment curves of ailerons designed
with internal nose balance preventi the realization of this
ideal condition, but aileron proiile offers a limited means of
controlling the value and the linear range of this control-
forcO gradient. These effects of aileron profile on control-
force gradients are due mainly to two causes: the reduction
in the amount of nose balance req.iired by the thickened
aileron profiles, with the consequent reduction in the non-
linearity of the hinge-moment curves of the balanced aihmons;
and the presence of an unkvomble response chmaoteristio
(positive (bc,pa)ta at low aileron deflections (where on
increase in stick force is desired), with frwornble response nt
high aileron deflections (where a decrease in stick force @
desired). This effect of response on control-force gradient is
illustrai%d by @ure 17 presenting the varintion of At*’ and
AcL’ for the static condition and for the dynamic rolling
condition of the assumed pursuit airplane.

The effect of aileron chord on the control-force chrmctw-
istica can be obtained by a comparison of the 0.20-chord and
O.l+chord ailerons of normal and straight-sided profile.
Figure 18 presents the variation of stick force with pb/2V
when the 0.15-chord and the 0.20-chord ailerons are each
designed for a 30-pound stick force for n pb/2V of 0.08 on
the typical pursuit airplane at an indicated airapeed of 300
miles per hour. In all cases the 0.20-chord ailerons produce
a more nearly linear variation of stick force with pb/2V
than can be acquired with the 0.15-chord aileron.

Lift,-The variation of Cra with d is shown in figures 7
and 8. These curves indicate that Ctavaried approximately
linearly with d, decreasing as d was increased.
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Fitohing moment.—!llickening the aileron profile caused
an increase in (bc./bcl)aamo corresponding to a forward shift

of the. aerodynamic contor. This is ShOlvll in figures 39
and 40.

Drag,—Figure 41 presents the variation of section profile-
drag cocfficiont with Reynolds number at the ideal section lift
coefficient (cr=O.21). Thinning the aileron profile had no
effect on the section protiledrag coefficient, but thickening
tho profile to straight-sided caused an increase in c~oof 0.0004
for tho 0.20-chord aileron and 0.0002 for the 0.15-chord
aileron.

Reynolds number.—Examination of figures 31 to 38
rovcds that at small angles of attack, increasing Reynolds
number resulted in o lees in At/, Ach’, and @/q. The
magnitude of these effects of increasing Reynolds number is a
function of d, increasing as d is increased. (Seo figs. 7 and 8.)
At angles of attack beyond the low-drag range (greater than
2° and less than -1°), the effect of Reynolds number was
considerably reduced. Measurements of the airfoil bound-
ary-layer profles indicated that these Reynolds number
effects were caused by a forward movement of the transition
point, with the aileron deflected, due to increasing Reynolds
number. This forward movement of transition, resulting in
Q thickening of the boundary layer at the beginning of the
prcswre recovery, reduces the peak of the basic incremental
lift and results in a less complete recovery, thus causing a
dccrcase in effectiveness and AP/q.

THICKENED AND BEVELED TRAILING EDGE23

Aileron effectiveness, —The effect of the beveled trailing
adge on the aileron effectiveness was” similar to the effect of
thickening the aileron profile. The effect of the bevel was
to reduce the aileron effectiveness parameter (ba/MJ% by
nbout 10 percent.

Beveling the trailing edge had a similar influence on eflec-
tivenws at the higher aileron deflections, where the flow over
the aileron has separated. Examination of figures 42 to 45
rcveds that at an angle of attack of 120 there was only a
minor variation in effectiveness due to beveling. The
deleterious effects of trailing-edge bevel on aileron effective-
ness were a maximum for the 0.20C=bevel and decreased for
both increasing and decreasing bevel lengths.

To determine the effect of beveled trailing edges on the
nileron chnrncteristies of typical installations; the data have
been applied to the prediction of the aileron control chmac-
teristics of the pursuit airplane discussed in connection with
profile modifications, and to the prediction of Lthe control
chnmcteriatics of a medium bomber. The airplane data
nccemmy for the calculations rm. presented in table IV.
The calculated variation of pb/2Vwith tdal aileron deflection
for the various bevels is presented in figures 19 and 20 for
indicated airspeeds of 300 and 120 miles per hour. Em.mina-
tion of these figures reveals that the a~eron effectiveness at
low speeds was little influenced by aileron trailing-edge
profile. Thus, as was the case for the profile modifications,
the size and the total aileron deflection for an installation of
given effectiveness would be unchanged by beveling of the
nilercm trniling edge.

FIGURE19.—Eflcct of ixmold h’afllng edgedon fdlemn el?mtkmm as applkd to a typ!ml
pmmdt airpkmq OJt!-chord,SWJMgap fdlm’om qual UP and down atbron dofkotion;
amnocd rigid wing and zero sidedllp.
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Aileron hinge moments.-As sho~ by figures 42 to 45,

beveling the aileron trailing edge resulted in an ~aebraic in-
meme h cha~. However, at large angles of attack, the effects
of the bevel tend to disappear. Compmative curves of Ach
against & for the various bevel lengths are shown in figure 21.
The balancing effect of the bevel increased with reduction in
bevel length to an optimum value with the 0.20ca bevel.
For the shorter bevel, the balancing effect was lessened.

Unlike the thickened and thinned aileron profiles, the
presence of the beveled trailing edge had a large effect on
the angular range of linear hinge-moment characteristics.
At ~=0, this range was reduced from 16° of total aileron
deflection for the normal-prciile ailaron to 8° of total aileron
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deflection for the 0.20C= bevel. This linear range was a
minimum for the 020c= bevel, and increased for both in-
creasing and decreasing bevel lengths.

As in the case of the thickened and thinned pro~ea, the
value of (bch/tkY)Ja varied with both angle of attack and
aileron deflection. At small anglw of attack and small
aileron deflections, the beveled trailing edge caused a large
algebraic increase in @c@a)Ja (from —0.0049 for the nor-
mal-profile aileron to 0.010 for the 0.20ca bevel). A positive
value of (dc@a) aa ~ induce an unfavorable response and
will tend to increase the effective dihedral and the damping
in roll, stick free. As the aileron angle was increased,
(bch/k)8a became negntive (i. e., the response became
favorable) for the beveled pr@les at the aileron deflections
at which separation occurred over the ailerons. At angles
of attack greater than 6°, @cb@fI) 8=-0 had a constant wdue

of —0.010 irrespective of aileron prof31e.

To determine the effect of nose seal on the beveled trail-
ing-edge profiles, tests at five angles of attack were made
on the 0.20c= beveled prcdle with a 0.25-inch (0.0052c) nose
gap. The data obtained are shown in figure 46. In addi-
tion to the loss in effectiven~ usually associated with this
condition, the nose gap decreased the hinge momenta at low
aileron deflections and further decreased the angular range
of linear-hinge-moment characteristics. Because of the de-
creased effectiveness, the unseided beveled aileron is inferior

to the sealed beveled aileron as a means of reducing con-
trol forcefi.

The data for the beveled trailing-edge ailerons have been
plotted in figure 11, together with the data for the thickened
and thinned proiilea, as hinge-moment parameters ngainst
lift parameters to show the relative dependence of tlm
aiIeron hinge moments on the aileron effectiveness and on
the slope of the wing section lift curve. The small deviation
of the experimental points from the mean curves indicates
that the relationships indicated are not influenced by tho
chordwise distribution of thickness of the control-surfaco
profile. An experimental point is also pwentecl from data
obtained on an NACA 0009 airfoil (referenm 4) w-Klch indi-
cntes that for the same effectiveness, similnr hinge momenta
may be anticipated for ailerons on an NACA 66,2-216 (a= 0.6)
airfoil as are experienced on ailerons on an NACA 0009 air-
foil. A simihm agreement between the subject datn and
the NACA 0009 data did not exist for Ch=againstCaa.

The effect of the beveled trailing edge on AP/q NW smrdl
and simikw to the effect of thickening the aileron profilo.

Aileron control foroes, —Figures 22 to 25 illustrate the
chnnges in control-force characteristics which result from n

beveled trailing edge. The airplane data necessary for
these calculations me presented in table IV. For the
pursuit airplane, the ailerons were selected with 0.40ca
aerodynamic nose balance, rmd for the medium bomber no
nose balance was used. At a pb/2V of 0.08 at high speed,
the 0.30c= bevel caused a 70-pound reduction in stick force
for the pursuit airplane and an 80-pound reduction in wheel
force for the medium bomber. At low speeds the percent
reduction in control force due to the bevel was less. This
was caused by the previously mentioned reduction in bcwel
effect on hinge moments at large angles of attack, The
effect of the trailing+xlge bevel on the angular range of
linear control characteristics is further emphasized by
figures 22 and 24. WhiIe the variation of control forco
with pb/2V was linear for the airplane equipped with normrd-
proiile ailerons to rLpb/2V of 0.07, the linear rnnge with the
aileron with a 0.20c= bevel (sealed) extended only to n
pb/2V of 0.035. The removal of the nose sal on tho 0.20ca
bevel aileron further reduced this range to a pb/2V of 0.02.

Figllrw 26 to 29 presmt the variation of control force with
pb/2V when each aileron had an wsumed nose bahmco such
that n pb/2V of 0.08 could be attained with a stick forco of
30 pounds at 300 miles por hour on the pursuit airplane nncl
a wheel force of 80 pounds at 250 mileE per hour on tlm
medium bomber.

For the pursuit airplane under consideration, the 0.40c.,
0.20c=, nnd O.lOC=beveled trailing-edge ailerons wero over-
balanced for moderate vrdues of pb/2V at V{=300 miles por
hour. This overbalance is a result of the reduced Iinenr
range of hinge-moment cceflicient against aileron deflection
due to the beveled trailing edge and the reduced effective-
ness of the beveled prciiles. Another contributing faotor
to the overbnhmce is the fact that the addition of the bovol
caused a larger reduction in AP/q at large aileron deflection
than it did at small aileron deflection. This ditTormco
increases the electiveness of the internal balance at tho
aileron deflections corresponding to low mtes of roll nnd thus
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contributes to the overbalance. These deleterious efFects
aro partially compensated for by the reduced balance
required with the beveled profiles and the presence of an
unfavorable response at low aileron deflections and a favor-
able response at high aileron deflections, both factors
tending to ‘increase the linearity of stick force against pb/2V.
While the ailerons with 0.30c= bevel were not overbalanced,
the variution of stick force with pb/2V was not as nearly
linear as was the gradient attainable vvith the normal-
profile aileron.

When applied to the medium bomber, the bevel had an
equally lmge effect on the wheeI-force gradient and the nose
balance required for a high-speed wheel force of 80 pounds
for Q pb/2V of 0.08. When designed for this condition, the
required nose balance vaxied from 0.455c= for the normal-
profile aileron to 0.296c= for the aileron with 0.30c= bevel.
The effect on high-speed wheel-force gradient was such that
the control forca necessary to attain a pb/2V of 0.06 varied

FIGURE23.-Eff@ d bovakl baflfng edgw on the eikonmntrol almmoterfdfce of a typ!m.1
pnrauit afrpkme oqnfpp2d with OLiklmrd, smlod gep ailerons with 0.40t. fnternd nms
Mdnnmat an Indimted afm@Ex3of 12Umph.
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from 54 pounds for the normal profile to 25 pounds for the
0.40c= bevel prcdile. At low speeds the control force mm
increased due to the presence of the bevel. This effect is
due to the reduced nose bakmce required of the beveled
contours.

Lift.-Thickening and beveling the aileron trailing-edge
proile caused a decrease in eta. This is shown in figure 47.
The effect was maximum for the 0.20 C. bevel and decreased
for both increasing and decreasing bevel lengths.

Pitohing-moment.-Beveling the aileron trailipg edge
caused an increase in (bc~pca)aa-o corresponding to a
forward shift of the aerodynamic center. This is shown in
figure 47.

Drag.-Figure 48 presents the variation of section proiile
drtg coefficient with Reynolds number at the ideal lift
coefficiaut (cl= 0.21). The presence of the aileron bevel
caused an increase in c~Oof 0.0001.

Ite~olds number. —Examination of figures 42 to 45 and
measurement of the airfoil boundary-layer profiles indicated
that Reynolds number had an effect on the beveled aileron
profiles similar to the effect noted for the thickened proiiles.
The result was n loss in Ac;, Ach’, and AP/q. The maetitude

of these effects was a masimum for the 0.20 c= bevel and de-
creased for both increasing and decreasing bevel lengths.

TAS3

Basic section data for 0.20-niloron-chord tabs on 0.20-
chord ailerons are presented in figures 49 to 56 for tho normnl
profile aileron nnd in figures 57 to 64 for the straight-sided
proiile aileron. IThile tho .bssic dntu are umful for purposes
of design, the comparison of the effects of tabs mny bo moro
conveniently demonstrated by means of tho section pmam-
eters. These parametem as obtained from the basic clatct nro
summarized in tnble V.

TABLE V.-SECTION PARAMETERS OF THE NACA 66,2-210
(a= 0.6) AIRFOIL EQUIPPED WITH 0.20.5PLAIN SEALED
AILERONS AND 0.20& PLAIN UNSEALED TABS

RmOmcter Rew’n0&9 Normal strtJgJlt-
profllo promo

I I l—l —1

H3E
@e@)a.-b=~ L-

&2tq@m -.Mu9 -. CIQ4

@A&.~.&-O 9,cm,ml -.(KU4 .mlo
(b fM)waa=, e,aqcnm -.U174 -. W3u

——

I&zcwcrm J&9 ;~v
9,1m41m
9,cQcm .m55 .fm I

1 I

Tab effectiveness.-The effectiveness of n tab as n menns
of reducing aileron hinge moments is measured by tho param-
eter i%/b6$ and by the ratio of this pnramoter to the parnm-
eter bcJM=. As shown by table V the wdue of bc@& is
—0.0085 for the normal-profile aileron and – 0.0075 for the
straight-sided aileron. These values rum comparnblc to
values obtained for similar control surfaces on nn NACA

0009 airfoil (reference 4).
bcJa6 , .

The value of the ratio m. ]S

0.89 for the normal-profile aileron as compared ‘o 1.5 for
the straight%ded aileron. This indicates that the tab on
the straight-sided plain aileron is app:o.xhnately 68 percent
more effective than the tab on the normal-profilo plnin ail-
eron. As might be expected, the tnb on the nornml-profilo
aileron remained effective to larger deflections thnn dicl tlw
tab on the straight-sided aileron. It should be noted thnt
previous results (reference 5) hnve indicated tabs to be moro
eflicient with the tab gaps sealed; however, the effect of
seals was not included in the present investigation.

Tab hinge moments,—The value of the tab hinge-moment
parameter &b,/b6~ as shown in t~ble V is — 0.0074 for the

tab on the normal-profile aileron ns compared to —0.0039
for the tab on the straight-sided nileron. These vnluos w
of approximately the same ratio ns tho ratio of the nileron
hinge-moment parameters &h/M..

Applications of tabs.—It has been shown in reference 1
that tied tabs in conjunction with n differential linkago offer
a means for reducing aileron-operating forces. Such tnbs
do not appreciably influence the aileron effectiveness.

The results of reference 2 have indicated thnt the use of
ailerons with simple or spring-linked balancing tnbs would
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reduce the high-speed control forces to considerably less than
thoso experienced in the use of plain+etded ailerons if the
systmns were designed for low maximum deflections. How-
ever, because the over-all effectiveness is less for an aileron
and simple balanc@-tab combination than for a plain ail-
eron, the chord, the span, or the maximum deflection must
be greater for the aileron-tab combination than for the plain
aileron to produce a given maximum rate of roll.

The use of spring-linked tabs designed to give desirable
force characteristics at large rates of roll at high speed would
reduce the variation of control force with speed and would
also cause an increase in rolling effectiveness for a given
control deflection as the speed was reduced, relative to plain
ailerons or ailerons with simple balancing tabs.

The basic tab data contained in figures 49 to 64 are sufli-
cient for the application of tibs on a low-drag airfoil to any
of the foregoing types of installations.

CONCLUSIONS

Result% of tests of various aileron profile modifications

and tabs on the characteristics of ailerons on the NACA 66,
2-216 (a= 0.6) airfoil indicate the following conclusions:

1, Aileron profle offers a convenient means of adjusting
the high-speed control force and the control-force gradienh
for conventional ailerons on a low-drag wing. Thickening
the pro~ej which decreases the aileron hinge moments, also
decrmaea the aileron effectiveness. Thinning the proiile has
tho opposik effect. These effects of proiile &minish as the
angle of attack is increased, there being practically no effect
at w rmgle of ~ttack of 12°.

2. The necessity of fabricating aileron pro~es to close
tolerance is illustrated in that deviations of the order of
+ O.OO5aileron chord from the speciiied profile on the ailerons
of a typical pursuit airplane can cause stick-force variations
of +20 pounds for a large rate of roll at an indicated airspeed
of 300 miles per hour.

3. Of the aileron profile modifications included in this
investigation, the aileron with the stiaight-sided profile dis-
played the most desirable force characteristics. The variation
of high-speed control force with rate of roll was most nearly
linear for this profile, thus minimizing the danger of aileron
overbalance in high-speed ilight. The ease of fabrication of
a straight+sided profile is especially desirable when applica-
tion is to be made to a low-drag airfoil with its characteristic
cusped profile. The application of tabs to the straight-sided
aileron offers no difficulties, the tab effectiveness being of the
same order of magnitude as for the normal-profile installation.
The increase in minimum section prolhdra.g coticient
caused by departure from the optimum cusped protie is only
of the order of 10 percent.

No consideration has been given in this report to the tiects
of compressibility. Tests have indicated that Mach number
eilects can be minimized by maintaining the trailing-edge
angle of the control surface at as small an angle as possible.
It is thus possible that at very high Mach numbers the
normal-profile aileron may be superior to the aileron of
straight-sided proiile.

AMES AERONAUTICALLABOIMTORY,
NATIONAL ADVISORY COWWE FORAERONAUTICS,

Momwrr l?wm, CALIF.
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APPENDIX

The method of deti “ “ g the thickened and beveled
prchilea is outlined below:

1. At the chordwise stdion defining the bevel, a per-
pendicular was erected.

2. With the intersection of the mean line of the normal
profile and the perpendicular as a center, a circle was con-
structed.

3. The radius of the circler was such that the intersection
of lines drawn ~m the hinge center of the aileron and the
_ dge of the aileron intarsecte.d on the perpendicular
at 10° at a distance r from the mean line.

4. With these intersections defhing their centers two

circles of radius r were constructed and tangent lines drawn

from these circles to the hailing-edge radius.
5. The forward proiile was a free fairing for 0.40c= at

which point nornd profile was regained.
6. The intersection of this fairii and the bevel was

slightly rounded but no attempt was made to fix this radius
of curvature.

This method of construction was favored because it was
assumed that the action of the bevel was similar to that of
a balancing tab and it was desired to maintain every variable
constant except the Iength of the bevel. The aileron profile
forward of the bevel was faired into the normal profile to
eliminate the abrupt change in proii.le at the hinge line which
would result if straight-sided surfaces were used.

COMMITTEE FOR AERONAUTICS

.,, ------ 1JGE!i5E=2’’
“%%rmolmd bevelprofile

CmsirucrYon of beveled troilingedge olkmns.
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